ABSTRACT The topographic evolution of supported dipalmitoylphosphatidylcholine (DPPC) monolayers with temperature has been followed by atomic force microscopy in liquid environment, revealing the presence of only one phase transition event at ;46°C. This finding is a direct experimental proof that the two phase transitions observed in the corresponding bilayers correspond to the individual phase transition of the two leaflets composing the bilayer. The transition temperature and its dependency on the measuring medium (liquid saline solution or air) is discussed in terms of changes in van der Waals, hydration, and hydrophobic/hydrophilic interactions, and it is directly compared with the transition temperatures observed in the related bilayers under the same experimental conditions. Force spectroscopy allows us to probe the nanomechanical properties of such monolayers as a function of temperature. These measurements show that the force needed to puncture the monolayers is highly dependent on the temperature and on the phospholipid phase, ranging from 120 6 4 pN at room temperature (liquid condensed phase) to 49 6 2 pN at 65°C (liquid expanded phase), which represents a two orders-of-magnitude decrease respective to the forces needed to puncture DPPC bilayers. The topographic study of the monolayers in air around the transition temperature revealed the presence of boundary domains in the monolayer surface forming 120°angles between them, thus suggesting that the cooling process from the liquid-expanded to the liquid-condensed phase follows a nucleation and growth mechanism.
INTRODUCTION
Physicochemical properties of biomembranes have been a matter of extensive research along the years. The elucidation of the transport processes across these structures as well as the understanding of the cell surface functionality has become common ground for interdisciplinary studies concerning physics, chemistry, and biology. Although biomembranes are known to be heterogeneous in composition, phospholipid molecules are the predominant species. Therefore, the study of the physicochemical properties of phospholipid assemblies, both in the bilayer and monolayer forms, was shown to be crucial to the comprehension of model membranes.
Understanding the effect of mechanical stress on biological membranes is of fundamental importance since cells are known to naturally perform their function under the effect of a complex combination of forces (1) . Indeed, the chemical composition of such membranes is, in the main, responsible for determining their architecture, while guaranteeing the cell mechanical stability (2) . To decipher the partial contribution of the membrane onto the overall cell mechanical integrity, several studies have been focused on the study of lipid bilayers, since they correctly mimic cell membranes up to an extent (3) . So far, lipid bilayers have been extensively studied from a mechanical point of view. In the mesoscopic range, calorimetric experiments (4) and the development of techniques to manipulate giant vesicles have rendered experimental quantitative values for membrane curvature modulus and hydrodynamic shear viscosity (5) (6) (7) (8) . Down to the nanoscale, atomic force microscopy (AFM) and related techniques have become really useful so as to characterize the topography of supported planar bilayers (SPBs), that is, bilayers deposited on a flat surface, typically SiO 2 , highly oriented pyrolitic graphite or mica (9-12) with nanometer resolution.
Besides, AFM in its force-spectroscopy mode offers the possibility to extremely locally compress a supported bilayer with an AFM probe while precisely controlling the applied force with pN resolution. The analysis of the probe deflection during the compression process allows studying the elastic and plastic behavior of the bilayer. Several works have observed that the AFM probe can puncture the bilayer (13) (14) (15) provided that a certain threshold force is applied, giving rise to a discontinuity or jump in the force-extension curve. The force at which the bilayer breaks (yield threshold force, F y ) can be considered as a fingerprint of the phospholipid phase, as it is intimately related with the intermolecular forces arisen among the phospholipid molecules, the substrate, and the surrounding medium.
Along these lines, we recently reported (16) that an increase of the ionic strength in the measuring medium resulted in a higher F y value due to a reduction of the area/lipid ratio as predicted by molecular dynamics calculations (17) , thus highlighting the key role of electrostatic and van der Waals interactions in the bilayer compactness. Moreover, the interaction of the solvent with the phosphocholine polar heads and its key role in the overall bilayer stability has also been explored.
In a previous work, the evolution of such F y value has been related to the changes in the topographic evolution of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and dipalmitoylphosphatidylcholine (DPPC) SPBs (18) . Previous differential scanning calorimetry experiments on DPPC liposomes established that there is a main transition between two lamellar phases while raising the temperature, the solidcrystalline (L b ) and the liquid-crystalline (L a ) state, which are characterized by a quasi-hexagonal array packing (solid) and a higher molecular motion (liquid), respectively (19) . The phase transition of DPPC SPBs on mica has also been topographically followed by means of variable temperature AFM (20) , yielding two consecutive transitions. It was proposed that the first observed phase transition could correspond to the main L b -L a transition and that the second one could be ascribed to a further transition occurring at high temperatures yielding to a highly disordered fluid phase. By contrast, further studies suggested that the two transitions could correspond to the individual melting of the DPPC leaflets that compose the bilayer (21) . The low temperature transition was related to the melting of the leaflet that is far from the surface (distal leaflet), less stable than the leaflet in contact with the mica surface (proximal leaflet). Force spectroscopy experiments on DPPC SPBs have been directly related to the bilayer topographical changes as the temperature is changed (18) . While in the L b solid phase F y decreases steadily as temperature increases reaching a minimum around transition temperature (T M ), in the L a liquid phase F y tends to plateau at a value slightly higher than that measured at T M (18) .These experiments concluded that F y is an excellent experimental parameter to unambiguously characterize phospholipid phase transitions at the nanometer scale.
The nature of the two consecutive phase transitions observed in the bilayers could be elucidated by reproducing the same experiment with the respective monolayers. Furthermore, studying the thermal and mechanical response of single monolayers at the nanometer scale would help to shed light not only onto the phase transition phenomena, but also onto the more general study of the interactions arising between the involved interfaces (i.e., the surface, the monolayer and the liquid environment) and also between well-defined neighboring molecules. All these interactions are much more complex in the bilayer case, as curvature and asymmetry issues have to be taken into account.
DPPC monolayers have been extensively studied by using several methods such as light scattering (22) (23) (24) and spectroscopic techniques (25, 26) . The use of fluorescent lipid analogs that dissolve preferentially in the liquid-expanded (LE) phase permitted the morphological study of Langmuir monolayers while being compressed in the air-water interface (27) . The shapes of the domains are characteristic for each pressure and therefore representative of the aggregation state of the DPPC monolayer. Similarly, by depositing the monolayer at the desired surface pressure onto a solid surface, AFM enables not only to visualize but also to gain insight into the nanostructure of the DPPC monolayer (28) (29) (30) (31) (32) . Interestingly, DPPC is one of the major constituents of the pulmonary surfactant, a coating with extremely demanding mechanical properties and where the air-water interface plays a biologically relevant role.
The aim of this work is twofold. On the one hand, we aim to get further insight into the understanding of the physics underlying the two phase transitions described for SPBs. In brief, we are interested in elucidating whether the two consecutive phase transitions measured in variable temperature AFM experiments involve the separate melting of each of the two lipid leaflets composing the bilayer or if, on the contrary, two cooperative and consecutive phase transitions take place: the first one corresponding to the transition from the solid phase to liquid phase and the second one corresponding to the transition from liquid phase to liquid-disordered phase. On the other hand, we aim to characterize the nanomechanical properties of Langmuir-Blodgett phospholipid monolayers using force spectroscopy. In particular, we aim to correlate the mechanical properties of such monolayers with their thermodynamics phase as a function of temperature. These experiments serve as the ideal platform to compare the mechanical properties of bilayers and monolayers under the same experimental conditions, and to test the additivity of the process. Last but not least, we endeavor to topographically characterize the reversible nucleation and growth processes during the first stages of phase formation, which is a direct signature of molecular reorganization involved during the main phase transition.
MATERIALS AND METHODS

Sample preparation
The lipid (Avanti Polar Lipids, Alabaster, AL) was dissolved in chloroformmethanol (3:1, v/v) to a final concentration of 1 mg/mL
À1
. The preparation of the Langmuir-Blodgett (LB) films of DPPC was performed in a 312 DMC Langmuir-Blodgett trough manufactured by NIMA Technology (Coventry, England). The trough was placed onto a vibration-isolated table (Newport, Irvine, CA) and enclosed in an environmental chamber. The subphase (150 mM NaCl 1 20 mM MgCl 2 , pH ;7.4 with 10 mM HEPES/NaOH) was filtered with a Kitasato University system (Tokyo, Japan; 450-nm pore diameter) before use. The same buffer solution was used as liquid medium for imaging and force spectroscopy measurements. The resolution of surface pressure measurement was 60.1 mN/m
. In all experiments, the temperature was maintained at 24.0 6 0.2°C by an external circulating water bath. Before each experiment, the trough was washed with chloroform and rinsed thoroughly with purified water. The cleanliness of the trough and subphase was ensured before each run by cycling the full range of the trough area and aspirating the air-water surface while at the minimal surface area, to zero surface pressure.
The corresponding aliquots of lipid were spread, drop by drop, onto subphase solution with a microsyringe Hamilton (Reno, NV). A period of 15 min was required to allow the solvent to evaporate before the experiment was started. 
Roughness measurements
Roughness can be expressed in several ways, with the mean roughness (R a ) and the root mean-square (R q ) being the most representative ones,
where N is the total number of points within the given area, Z i is the pixel height value in the z axis, and Z ave is the average of all Z i values within the given area. R q can be expressed as
The tendency of R a and R q as temperature increased is similar. Then, and for the sake of simplicity, only R q measurements will be discussed; but both values (R a and R q ) are presented later in Fig. 2 .
Force spectroscopy
Force spectroscopy measurements in liquid media were performed using V-shaped Si 3 N 4 tips (OMCL TR400PSA, Olympus, Japan) with a nominal spring constant of 0.08 N/m. However, individual spring constants were calibrated using the thermal noise routine (33) implemented in a MFP-1D atomic force microscope (Asylum Research, Santa Barbara, CA). Typically 150-200 force plots were recorded at each temperature and they were performed maintaining the laser spot in the same position on the cantilever to keep constant the corresponding photodetector sensitivity (V/nm), which was calculated for each temperature (34) . All spectroscopy experiments were performed at a constant cantilever linear velocity of 0.5 mm/s to avoid any velocity-dependent effect. 
RESULTS AND DISCUSSION
LC-LE phase transition
DPPC monolayers were transferred to a mica surface at a surface pressure of 30 mN/m, which is considered a biologically relevant surface pressure (35) . To ensure the correct transfer onto the mica substrate, a freshly prepared sample was scratched with the AFM tip and a vertical distance of ;2 nm between the top of the layer and the bottom of the trench was obtained as it is shown in the supporting information. Although the height measurement was acquired in TM-AFM (contact mode was too aggressive for this monolayer), its thickness corresponds reasonably well with values elsewhere reported for DPPC (36, 37) .
To investigate the topographic changes that DPPC monolayers undergo because of temperature changes, Fig. 1 shows a series of TM-AFM monolayer surface images in liquid environment as temperature is raised from 33.1°C up to 55.3°C, which corresponds to the temperature interval at which the phase transition of DPPC bilayers is expected. Fig.  1 , a and b, were acquired at 33.1°C and 43.6°C, respectively, and the topographic images reveal a homogeneous and flat DPPC monolayer. As a reference, the T M measured for DPPC liposomes in solution is 41.5°C (38) . Upon raising the temperature up to 45.4°C, the topography undergoes a sudden roughness increase that can be already appreciated by visual inspection of Fig. 1 c. The same topographic features are still observed at 47.8°C (Fig. 1 d) . This topographic change is likely to correspond to the monolayer phase transition, which will be further investigated in a roughness analysis of the surface. With increasing temperature, the topography undergoes a new change, as can be observed in Fig. 1 , e and f, acquired at 51.6°C and 55.3°C, respectively. In both images the sample appears to be totally flat again.
A monolayer phase transition implies a range of temperatures in which both LC and LE phases coexist. As LC and LE phases have different thickness values (39, 40) , the images involving the coexistence of two phases should show a sharp increase in roughness with respect to the images in which the monolayer remains in a single phase (either LC or LE phase). The roughness analysis of the images shown in Fig. 1 is depicted in Fig. 2 a in terms of R q and R a . At 33.1°C, R q was 0.9 nm and this value decreased down to 0.6 nm at 43.6°C. This roughness decrease is consistent with an increase in phospholipid mobility. Indeed, fluorescence recovery after photobleaching experiments on egg-phosphocholine monolayers and bilayers (41) showed that phospholipid diffusion coefficient increases with temperature and that it also depends strongly both on the nature of the phospholipid polar head and the surface pressure of the monolayer (42, 43) , mainly due to different electrostatic interactions between polar heads. Therefore, the decrease in roughness as temperature approaches T M can be easily attributed to the promotion of the DPPC diffusion. Recent bending rigidity studies on DPPC giant liposomes showed that the value of this mechanical magnitude decreases steeply in the range of temperatures from the so-called pretransition temperature to T M (5), according to the predictions of a previous model (44) . These results were interpreted as the bilayer softening due to hydrocarbon chains melting, a process that increases the homogeneity of the monolayer and, consequently, its surface smoothness (which would give rise to a decrease in roughness value).
As it is shown in Fig. 2 a, between 43.6°C and 51.6°C, R q increased by a factor of 3 (from ;0.7 nm up to ;2.5 nm). This observation may be accounted for as a result of the coexistence of the LC-LE phases, therefore implying a difference in the respective thickness value for the monolayer in both LC and LE phases. The in situ AFM variable temperature experiments performed by Feng et al. showed that the height decrease due to the transition of each of the leaflets present in a DPPC bilayer is 0.37 nm (45) and Charrier et al. (46) reported values of 0.4-0.7 nm for DMPC bilayers. This height change is attributed to the increase of the tilting angle of the DPPC molecule respective to the surface perpendicular as transition takes place (a 25°angle tilting was calculated for LC phase (47) . The phase transition also implies the hydration of the polar heads as the molecules fluidize (40) . Hence, the coexistence of two phases with different tilting angle (LC and LE phase) during the transition are very likely to be responsible for the increase in roughness observed between 43.6°C and 51.6°C in the case of the DPPC monolayers under study. At higher temperatures roughness decreases again, which is consistent with the higher mobility of the LE phase respect to the LC phase. Therefore, roughness measurements seem to be a reliable experimental signature of the processes (phase transition) that the surface undergoes at the nanometric scale.
Four independent sets of experiments such as those shown in Fig. 1 were performed, confirming that DPPC monolayers only undergo one phase transition in contrast with the two transitions observed for DPPC bilayers in previous works. The transition temperature range is reproducible from sample to sample, being always observed between 43 and 52°C. One phase transition in monolayers directly supports the hypothesis about the individual melting of the two DPPC leaflets being responsible for the two transitions observed in bilayers. The other suggested possibility is that two consecutive phase transitions, each one involving the whole bilayer, would probably have also led to two transitions in the case of the monolayer.
Several transition temperatures were reported in the past for DPPC bilayers under different conditions. Values of 42.4°C and 44.8°C for SPBs adsorbed onto mica flakes were obtained by means of differential scanning calorimetry (31), both transitions being above DPPC liposomes T M (41.5°C), and were attributed to the individual melting of the two DPPC leaflets. The higher transition temperatures of SPBs with respect to the nonsupported liposomes were interpreted as a stabilizing effect due to the electrostatic interactions (21) reported values from 37.8°C to 53.5°C for a mixture of DPPC and another phosphocholine. We have recently observed two transitions between 44.8°C and 59.4°C in experiments that mimic a physiological environment (18) , which is also used here. Then, and assuming that the two transitions correspond to the individual melting of the two DPPC leaflets, the high temperature transition in the bilayer should correspond to the LC-LE transition of the proximal leaflet. Fig. 2 b shows for comparison the roughness analysis of a series of DPPC bilayer topographic images performed at variable temperature (18) . Comparing the phase transition temperature intervals, marked with shaded rectangles in Fig. 2, a and b , it can be seen that the DPPC monolayer transition lies between the two transitions observed in the DPPC bilayer. Comparing the proximal leaflet transition with the monolayer transition is interesting because both the proximal leaflet and the monolayer share the same phosphocholine-mica interface but have a different medium surrounding the alkyl chain (proximal leaflet is covered by another phospholipid leaflet with alkyl chains facing downwards while the monolayer is surrounded by an aqueous solution). As shown in Fig. 1 , monolayer transition occurs from 43.6 to 51.6°C, while proximal leaflet transition takes place between 52°C and 59°C (18) . This fact, besides the experimental evidence of a strong coupling between the two DPPC leaflets during phase transition (19) and the roughness measurements that place the monolayer transition temperature between the two transitions observed in the bilayer, suggests that the distal monolayer stabilizes the proximal monolayer because of van der Waals interactions between the alkyl chains of the two monolayers, providing a stable, highly hydrophobic environment. Moreover, the monolayer has an unstable hydrophobic-hydrophilic interface because of the contact between the alkyl chains and the aqueous environment (48) . To experimentally test the importance of the alkyl chains-medium interface in the transition temperature, several DPPC monolayers were imaged at variable temperature, but now in air. As in liquid, one transition was observed but now T M ranged from 48°C to 51°C (three different experiments with freshly prepared samples). This implies a reduction of the transition temperature range (from 43°C to 51°C in liquid to 48-51°C in air) and also a ;4°C increase in the mean transition temperature. Air, which is more hydrophobic than an aqueous solution, stabilizes the alkyl chains of the DPPC monolayer, which translates into a T M increase. These results experimentally prove the key role that interactions arisen in the sample interphase play in the physicochemical properties of molecularly thin structures, as is the case of DPPC monolayers.
Topography of DPPC domain edges at variable temperature imaged in air
To explore the homogeneity of the extracted LB films and to study the topographic changes at ;T M , the same experiment presented in Fig. 1 was repeated, although this time in air conditions. Fig. 3 a shows a DPPC monolayer at room temperature after LB film extraction and deposition imaged by TM-AFM. This image is similar to the one obtained in aqueous buffer environment (Fig. 1 a) , although now the presence of geometrical patterns on the monolayer is evident (some of them were marked with solid arrows in Fig. 3 a to guide the eye). As temperature was increased beyond T M (Fig. 3 b) , these features disappeared, yielding a flat surface. Then, the temperature was decreased to 30°C (Fig. 3 c) and new geometrical patterns appeared again. The presence of patterns in the LC phase and its disappearance in the LE phase suggests that they form part of the structure of the monolayer and that they are related to the LC-LE phase transition process. Interestingly, as the cartoon in Fig. 3 d shows, the patterns observed in Fig. 3 c form 120°angles between them. Several works have been devoted in the past to the study of domain boundaries in organic monolayers (49) , phospholipid structures (44, 50) and, specifically, DPPC LBs morphology has been studied during compression experiments. McConlogue (51) showed AFM images of DPPC structures on liquid subphase extracted at surface pressures ranging from 3.8 mN/m to 7.5 mN/m and corresponding to the region of LE-LC phase coexistence. As pressure increased, the LC phase domains grew at expense of the LE phase. Finally, only a film of LE phase separated the LC nuclei, which formed angles ;120°between them. As noted, the repulsive interaction between the growing LC phase nuclei can be counteracted if enough pressure is applied (52) (53) (54) (55) (56) , which leads to the final fusion of these solid nuclei. Our results suggest that if a high enough pressure is applied (30 mN/m in our case), LC domains can merge and the domain boundaries between different nuclei are the patterns observed in Fig. 3 , a and c. Indeed, hexagonal shapes were recently reported (45) during the melting of DPPC bilayers monitored by in situ AFM observations and attributed to the phospholipid intrinsic molecular packing.
To the best of our knowledge, this is the first time that domain boundaries have been imaged in a phospholipid monolayer. The structure of the domain boundary is still unclear, but it is likely to assume that it is formed by disordered DPPC molecules that were forced to occupy the mismatch between colliding LC phase domains, as it was suggested after electron diffraction measurements on phospholipid bilayers (57). In our experiments, as the temperature increases above T M and the monolayer changes from LC to LE phase, DPPC molecules mobility increases and the domain boundaries disappear (Fig. 3 b) . Interestingly, the presence of domain boundaries was not observed in DPPC monolayers imaged in liquid environment at any temperature, which suggests that the aqueous medium relaxes the mechanical tension formed in the domain boundaries as the monolayer is compressed from LE to LC phase (mechanical extraction process) or the phase transition from LE to LC phase takes place (temperature-controlled process). As noted before, the presence of water destabilizes the alkyl chain-medium interphase, thus reducing the phase transition temperature respective to an air interphase. Therefore, it is reasonable to think that LC phase mobility is higher in aqueous medium, leading to defect-free LC domain boundaries. An important conclusion from our findings is that the temperature-controlled solidification process undergone in temperature-controlled AFM experiments leads to the presence of domain boundaries, as well as the surface-pressure-controlled solidification process (compression in the LB trough); in both cases, a nucleation and growth of the LC phase process takes place. Future work should be done to establish the dependence of shape and size as a function of LB compression rate and cooling rate, as well as to explore the presence of domain boundaries in different polarity liquid media to discern the nature of the interphase forces responsible for the monolayer relaxation.
Force spectroscopy at variable temperature
So far, the topographic changes that the monolayer undergoes as a function of temperature have been studied. Roughness analysis of the topographic images reveals it to be a sensitive tool able to detect the main transition temperature undergone by the monolayer. However, roughness analysis provides only information about the topographic changes that take place in the surface. Rather, force spectroscopy through force-extension curves allows us to gather additional quantitative information regarding the interaction forces arisen between neighboring molecules and also to gain further insight into the mechanical properties of the monolayer with picoNewton and subnanometric resolution. The force at which the monolayer breaks, the so-called threshold force, F y , is the maximum force that the sample is able to withstand before breaking, i.e., it marks the end of the elastic regime and the onset of the plastic deformation. In the case of lipid bilayers, we have shown that F y is able to accurately fingerprint the bilayer phase transitions, since they involve a drastic molecular rearrangement, thus implying a change in the intermolecular interaction forces. To further understand the phase transition process in the case of the studied DPPC monolayers, we have performed multiple vertical force versus piezo displacement (FvD) curves on the monolayers, yielding experimental curves such as the one shown in Fig. 4 . In this force plot, the force applied on the sample is recorded against the tip-sample distance (FvP curve). This curve is obtained from the raw force versus piezoelectric displacement curve shown in the inset as described in Materials and Methods. In each curve, the vertical force, which is proportional to the cantilever deflection, remains 0 before the contact between tip and sample, marked as point 1. Then, vertical force increases as the tip compresses the monolayer until F y value is reached and the tip penetrates the monolayer (point 2). The jump in the force-penetration curve can be directly correlated with the thickness of the monolayer (55, 58) . The initial region of the FvP curve in Fig. 4 corresponds to the physical compression of the monolayer and to the electrostatic interaction arisen because of the slightly negative charge of the tip (56) and the weak electrical double layer promoted by the phosphocholine zwitterionic headgroups and the mica surface. Derjaguin-Landau-Verwey-Overbeek theory was applied elsewhere (16) to estimate the forces arising between a DMPC bilayer and a Si 3 N 4 tip as a function of the ionic strength of the medium. Due to the low charge of the Si 3 N 4 tip (0.032 C/m 2 ) (56), the interaction forces are in the pN range in bilayers. In the case of DPPC monolayers, interaction forces are much lower because phosphocholine polar headgroups, which are responsible for the formation of a charged interface between the membrane and the solution in bilayers, are directed toward mica in monolayers while the apolar alkyl tails, showing no dipolar moment and consequently not structuring an electric double layer, are exposed to the aqueous medium. As a result, the effect of electrostatic interactions is negligible in DPPC monolayers. Nevertheless, as the electrical double layer is practically independent of temperature for small temperature increments, F y variation with temperature is only due to monolayer structural changes, that is, to its mechanical properties. Finally, the breakthrough event is detected as a sudden 2-3 nm penetration, which compares well with the nominal thickness of the DPPC monolayer (57) and to our scratching measurements. After penetration, the tip contacts the mica that is beneath the monolayer (13, 58) and the slope of the exerted FvP curve tends to N. are depicted in Fig. 5 b, corresponding to measurements performed at Fig. 5 b.1, 21.2°C; Fig. 5 b. 2, 46.4°C; and Fig. 5 b.3, 67.7°C ). This experiment was performed several times on different freshly prepared samples obtaining similar results. To relate F y variations with the phase transitions detected in topographic images shown in Fig. 1, Fig. 5 a has been divided into three regions as in a previous work (18) : LC phase, phase-transition range, and LE phase. At room temperature, F y is 120 6 4 pN. This force steadily decreases as temperature increases, reaching 88 6 3 pN at 38°C near the upper temperature limit of the LC phase. During the phase transition there is a further diminution of F y value, reaching 53 6 2 pN at 53°C. Finally, after completing the transition, the monolayer stays in a LE phase and F y stabilizes at ;49 6 2 pN at 65°C.
Three important conclusions arise from these data. Firstly, F y value is much higher in the LC phase than in the LE phase; secondly, F y continuously decreases as temperature increases, both in the LC phase and during the transition; and thirdly, F y ranges roughly from ;120 to ;40 pN for DPPC monolayers, while it ranges from ;25 nN to ;7 nN in DPPC bilayers in the same range of temperatures and under the same experimental conditions.
The two first conclusions are in agreement with a previous work concerning DPPC bilayers (16) , where a similar trend was observed and attributed to the weakening of lateral interactions between alkane chains due to thermal energy and to the reduction of water bridges (59,60) and electrostatic interactions between polar heads during the phase transition. The weakening of lateral alkyl-alkyl interactions results in an increase in the area per molecule, that is, a decrease in the compactness of the monolayer, which translates into an increase in the molecular mobility as previously commented in Fig. 2 (61) , where LC phase roughness decreases before reaching the phase transition.
Consequently, the weakening of lateral interactions between molecules translates into a F y reduction. Different factors account for the notorious difference in mechanical properties between DPPC monolayers and bilayers; first of all, the monolayers expose the hydrophobic alkyl chains toward the aqueous solution. It has been experimentally demonstrated that the interactions between water-alkyl chains are 10 times weaker than the interaction between water molecules (48), leading to an interphase that destabilizes the monoayer. Conversely, the bilayer exposes the polar zwitterionic headgroups toward the solution, which is a favorable interaction in terms of hydrophilicity. Ions also play an important role stabilizing phosphocholine heads (16) , as has been studied by molecular dynamics, concluding that up to three phosphate moieties can be coordinated by each Na 1 ion (17). Additional experimental observations concluded that the self-diffusion of 1-palmitoyl-2-oleoylphosphatidylcholine decreases due to the presence of NaCl in the medium (62) and that polar headgroups orientation is also perturbed (63) , which confirms the key role that free charges play in the stability of bilayers. Another factor that improves bilayer cohesion is the hydrophobic interaction between the alkyl chains of the two leaflets, as detected in studying lipid diffusivity by means of fluorescence techniques (64) . Nevertheless, this can be a minor issue in the stability of the bilayer, as lipid diffusion studies concerning DPPC bilayers (52) suggest that the hydrophobic interactions between the two lipid leaflets are weaker than the interactions between the lower leaflet and the (silica) substrate.
To relate the DPPC monolayer structure with the measured F y values, different interactions should be considered, namely electrostatic and van der Waals forces. Because of the mica surface negative charge (53) and the positive charge of the choline headgroups (phosphocholine is a zwitterionic headgroup with the choline positive charge facing toward the mica surface), electrostatic interactions arise. Nevertheless, it was observed by several techniques such as neutron reflectivity (65, 66) and fluorescence interference-contrast microscopy (67, 68) that there is a sandwiched water layer with a thickness ranging from 10 to 30 Å between the substrate and the phospholipid bilayers. Related experiments concerning the effect of pH and ionic strength in bilayer spreading on oxides revealed that the equilibrium distance between the polar heads and the substrate surface is ;1 nm (69) and that this gap is full of water molecules. Although there is some controversy about the level of water organization forced by the substrate (70), the presence of structured water on the surface of mica and silica was proved by scanning polarization force microscopy, sum-frequency-generation vibrational spectroscopy (71) , and Monte Carlo simulations (72) . As a consequence, the water layer between the substrate and the DPPC polar headgroups provides fluidity and mobility to the bilayer (3, 45, 69) . As a first approximation and due to the screening effect of the water sandwiched underneath the monolayer, electrostatic interactions between mica and DPPC polar heads have been neglected in this study.
The electrostatic interactions arisen between polar headgroups have been discussed in several simulation works, suggesting that ions can penetrate the polar headgroups to screen the charges of the choline and phosphate moieties (17, 62, 63, 73) . Nevertheless, as the calculation of these electrostatic interactions is out of the scope of this work and for the sake of simplicity, van der Waals forces between hydrocarbon chains will be considered as the most representative interaction between DPPC molecules.
The van der Waals interaction between hydrocarbon chains (E VdW ) can be expressed as (71 
with a o being the polarizability, e o the vacuum permittivity, s the distance between two equivalent ÀCH 2 groups in adjacent molecules, l the distance between consecutive ÀCH 2 groups in the same hydrocarbon chain, and N o Avogadro's number. As the monolayer was extracted at 30 mN/m, the area/DPPC molecule is 54.7 Å 2 in a hexagonal lattice (36, 45, (74) (75) (76) . As each DPPC molecule has two hydrocarbon chains, it has been considered that each chain occupies an area equal to 54.7/2 Å 2 . Circles in Fig. 6 a correspond to the molecular DPPC area in the monolayer and the solid dots represent the hydrocarbon chains seen from above, while Fig. 6 b shows a side view of the same structure. The alignment of the chains in the y direction correspond to the packing optimization of van der Waals interactions, which has been mostly studied in alkanethiols (77) (78) (79) and alkanesilanes (80) . Van der Waals forces considered in this study include the interactions between a ÀCH 2 group and the six adjacent ÀCH 2 groups in the same plane and also the interaction with the ÀCH 2 groups that are one and two planes higher and lower. This interaction was multiplied by a factor of 2 because there are two chains in each molecule. The interactions between ÀCH 2 groups in the same molecule were not considered because only intermolecular energies are to be estimated. The resulting energy was multiplied by 16, which is the length of the DPPC hydrocarbon chains, obtaining E VdW ¼ 19.4 KJ/mol. The experimental energy needed to puncture the monolayer during force spectroscopy measurements (E) can be calculated as
At room temperature, DPPC monolayer F y is 120 6 4 pN and d is 2.4 nm (36, 37) , so E is 0.29 10 À18 J. Although this energy is mainly consumed in the monolayer breakthrough process, part of it is possibly dissipated through nonconservative processes such as viscous damping or hysteresis effects (81) . Energy dissipation was measured in dynamic force microscopy experiments concerning different kinds of surfaces and tip configurations, yielding values in the eV range (82) . As a consequence, it is reasonable to think that, in force spectroscopy experiments, similar processes will take place. Nevertheless, and due to the semiquantitative nature of the energetic calculations proposed in this work, energy dissipation has not been accounted for.
To estimate the contact area between tip and monolayer and the number of molecules affected by the tip during spectroscopy experiments, a Hertz contact model has been applied. In a previous work (16) , we demonstrated that a contact mechanics model based on the coupling of n springs is more realistic than a Hertz model when it comes to explain the elastic region of a phospholipid bilayer before indentation (83) . Nevertheless, and to calculate the contact area between tip and sample at low loads, a Hertz model is accurate enough because it does not consider long-range forces arisen between tip and sample, which is the case of our experiments, as no jump to contact was detected in FvD curves (Fig. 4) The Hertzian contact area (A) is expressed as
where R is the tip radius, F is the vertical force and K is the combined elastic moduli These R values are the maximum and minimum tip radius measured in the presented experiments and can be considered as typical upper and lower limits for the vast majority of force spectroscopy studies. Dividing the total applied energy during the breakthrough process by the number of affected molecules, a breakthrough energy (E b ) of 0.8 KJ/mol for R 15nm and 0.5 KJ/mol for R 35nm is obtained. It was previously shown that the E VdW is 19.4 KJ/mol, an order-ofmagnitude bigger than E b . This fact seems to suggest that the energy necessary to break the DPPC monolayer is 20-40 times lower than the van der Waals interaction between all the hydrocarbon chains of the molecules in the penetrationaffected area. Regarding these results, it is reasonable to think that, to puncture the monolayer, it is not necessary to break all the interactions between all the molecules but only a fraction of them, so E b should be lower than E VdW . As an attempt to explain how the monolayer reacts to the pressure, Fig. 7 shows two possible monolayer rupture mechanisms. Fig. 7 a represents an upper view of the hexagonal DPPC lattice and a circle that encloses the Hertzian area of contact between the tip and the sample. The simplest rupture model proposed is a straight line (dotted line in Fig. 7, a and b) . Possibly, the presence of a vacancy or any defect in the structure would be the starting point of the monolayer rupture process. The fragile nature of phospholipid structures has been suggested before (16, 87) , mainly because of the kind of breakthrough seen in force spectroscopy experiments, which always implies a sudden penetration, more similar to a fragile brittle fracture than to the compression of a soft material. The breakthrough event in the FvP curve shown in Fig. 4 occurs at a certain F y and it is a sudden allor-none process, as the tip penetrates the monolayer in a onestep mechanism. Another possibility would be a monolayer failure along the contact area perimeter (circle in Fig. 7 , a and b). Both the linear and perimeter rupture imply the disruption of a certain number of van der Waals interactions, which depends on the contact area. Concerning the number of alkyl chain interactions broken during penetration, these models can be considered as extreme possibilities, so the real process is possibly a combination of both. Table 1 summarizes the percentage of van der Waals interactions broken in the linear (%R l ) and circular model (%R p ) with respect to the total number of van der Waals interactions present in the whole contact area. Depending on the rupture model and R, %R l and %R p range from 5 to 16%, so this percentage is an estimation of the van der Waals interactions broken during the penetration process respective to the total number of van der Waals interactions. Table 1 also shows the relationship between E b and E VdW , which is the ratio between the energy used to break the monolayer and the total van der Waals interactions between the hydrocarbon chains (%(E b /E VdW )). This ratio ranges from 3 to 4%. The similarity between the ratios %R l , %R p , and %(E b /E VdW ) suggests that the linear and circular models are consistent with experimental data. As a consequence, it can be considered that, although several forces are involved in the cohesion of DPPC monolayers, interchain van der Waals interactions play a key role in the mechanical properties of DPPC monolayers and that electrostatic interactions between polar heads and between choline groups and mica surface can be neglected as a first approximation. Of course, the nature of the calculations presented in this work can not discriminate between the two proposed models but it provides a framework to study the behavior of phospholipid monolayers under compression. Further studies exploring the effect of different polar heads and different alkyl chains length will provide a deeper insight in the effect that electrostatic and van der Waals forces play in the cohesion and mechanical response of phospholipid monolayers and bilayers.
CONCLUSIONS
Langmuir-Blodgett DPPC monolayers extracted at 30 mN/m were imaged in situ by variable temperature TM-AFM. The experiments performed in buffer environment revealed that only one phase transition takes place at ;T M , which suggests that the two transitions observed in DPPC bilayers in the same buffer media correspond to the melting of the two separate phospholipid leaflets. DPPC monolayer T M lies between the two transitions observed in DPPC bilayers. We propose that the monolayer can be compared to the leaflet in contact with the substrate in the bilayer structure (high temperature transition) but destabilized by the water-alkyl chains interphase and the lack of the stabilizing hydrophobic interaction between the alkyl chains of the two phospholipid leaflets that form the bilayer. DPPC monolayer T M increases in air, where a favorable air-alkyl chains interphase arises, which further supports this conclusion. The topographic study of DPPC monolayers imaged in air revealed the presence of 120°LC phase domain boundaries both created during the mechanical compression in the LB trough and during the cooling from LE to LC phase. The boundaries disappear above T M and are recovered if the sample is cooled again to room temperature, suggesting that a nucleation and growth mechanism is responsible for the formation of the LC phase when cooling from the LE phase. The mechanical study by force spectroscopy showed F y values in the pN range for DPPC monolayers, two orders-ofmagnitude lower than those obtained in DPPC bilayers. Nevertheless, the overall trend of monolayers and bilayers is similar upon raising temperature: In the solid phase, F y decreases as temperature increases, while it stabilizes at a lower value in the liquid phase. To relate F y values with DPPC monolayers structure, a simple geometric model concerning van der Waals interactions between the phospholipid alkane chains has been proposed. Applying Hertz contact mechanics, the energy/DPPC molecule applied on the monolayer during penetration experiments was calculated and assuming simple models for the monolayer rupture (namely across a straight line or around the perimeter of the contact area between tip and sample), a good accordance between the experimental data and the geometric model was found. This work paves the way for more complex studies involving mixed monolayers systems, where temperaturecontrolled AFM imaging could shed light on the different transition processes that monolayers (and bilayers) undergo when mixing miscible or immiscible phospholipid molecules. Besides, force spectroscopy proves to be a suitable technique to identify different phospholipid phases, as F y value is highly dependent on the phospholipid structure, and can be used to explore the different intermolecular interactions arisen in biological membranes. 
